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Abstract
We briefly comment upon the parallel between graphene and high
energy fermions.
1 Introduction
The author had pointed out starting 1995 that in two dimensions and one
dimension electrons will display strange neutrino like properties [1, 2, 3]. In
fact a two component equation is obeyed [4]. This equation is
(
σµ∂µ −
mc
h¯
)
ψ = 0 (1)
where σµ denote 2 × 2 matrices. In case the mass vanishes (1) gives the
neutrino equation. This has relevance to graphene that was discovered nearly
a decade later. The neutrino like equation is
νF~σ · ~∇ψ(r) = Eψ(r) (2)
νF ∼ 10
6m/s is the Fermi velocity replacing c, the velocity of light and ψ(r)
being a two component wave function , ~σ and E denoting the Pauli matrices
and energy.
In any case Landau had shown several decases ago that such two and one
dimensional structures would be unstable and as such cannot exist – and this
was proved wrong.
However, there is no Lorentz invariance (except in the case of a hypothetical
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infinite sheet) and the two component wave function ψ(r) in (2) comes from
the wave functions in two side by side honey comb lattices. We will see this
later. This is rather like spin up and spin down.
2 The Graphene Test Bed
To continue, we point out that graphene can be a test bed for high energy
physics. Firstly (2) represents a neutrino like (massless) Fermion. Indeed the
massless feature has been experimentally confirmed. These are quasi parti-
cles. If we consider bi-layer graphene then even the mass comes in.
Interestingly graphene behaves like a ”chess board”, that is there is a mini-
mum ”length” [5]. So a non-commutative geometry holds.
In this case we have
[xı, xj] = Θ
ıjl2 (3)
where as can be seen the coordinates xı and xj do not commute. As a result
of this the Maxwell equations get modified with an extra term, as shown in
detail elsewhere [6, 7]:
∂µFµν =
4π
c
jν + AλǫFµν (4)
where the symbols have their usual meaning. In the above (4) ε is a dimen-
sionless number which is equal to one for our non-commutative case namely
(3), and is zero otherwise. With ε = 0 we get back the usual covariant
Maxwell equations. Specializing to two dimensions we get
∂1F14 =
4π
c
j4 + A2εF14 (5)
and similar equations for the j1 and j2. In this case, using the electromagnetic
tensor we get equations like
∂Ex
∂x
= −4π
∂ρ
∂t
+ εAyEx (6)
∂Ey
∂y
= −4π
∂ρ
∂t
+ εAxEy (7)
−
∂Bz
∂x
= 4πjy + ǫ
∂Ey
∂t
(8)
2
∂Bz
∂y
= 4πjx + ǫ
∂Ex
∂t
(9)
As some of these equatiions are time dependant, we are dealing with non-
steady fields which give radiation.
This clearly brings out the extra electromagnetic effects. Because of (3) there
appears a magnetic field as was shown by the author and Saito [8, 9]. We
have in fact the equation
Bl2 = hc/e (10)
This clearly can be smoothly carried over to Graphene, keeping in mind the
somewhat different values for the constants like νF and l. In fact we would
have in this case
Bl2 = hνF/e.
The energy in the above is given by
Energy = ±νF |~p|
The positive sign denotes conduction and the negative sign valence particles,
the analogues of particles and antiparticles.
The analogy with high energy physics, particularly in the Cini-Toushek
regime is very strong (Cf.ref.[10]). There too, we encounter a massless sce-
nario. In fact at very high energies we have [10]
Hψ =
~α · ~p
|p|
E(p) (11)
which resembles the massless (1) of the paper. Here in (11) we have
αk =
(
0 σk
σk 0
)
β =
(
I 0
0 − I
)
(12)
γ0 = β (13)
This can be readily generalized to the neutrino equation. Importantly we
have because of (3) as discussed in the literature, the so called Snyder-
Sidharth dispersion relation
E2 = p2 +m2 + α
l2
h¯2
p4 (14)
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For Fermions α in (14) is positive showing an extra contribution to the en-
ergy.
However there are differences with the usual Dirac Theory – here we do not
encounter Lorentz invariance and finally νF is not the velocity of light, rather
its analogue.
We can see that Graphene will be a test bed in some interesting situations.
The author had already argued several years ago [12, 13] that for nearly mo-
noenergetic Fermions or even Bosons there would be a loss of dimensionality
and the collection would behave as if it were in two dimensions. This imme-
diately mimics the two dimensional feature.
Our starting point is the well known formula for the occupation number of
a Fermion gas[14]
n¯p =
1
z−1ebEp + 1
(15)
where, z′ ≡ λ
3
v
≡ µz ≈ z because, here, as can be easily shown µ ≈ 1,
v =
V
N
, λ =
√√√√2πh¯2
m/b
b ≡
(
1
KT
)
, and
∑
n¯p = N (16)
Let us consider in particular a collection of Fermions which is somehow made
nearly mono-energetic, that is, given by the distribution,
n′p = δ(p− p0)n¯p (17)
where n¯p is given by (15).
This is not possible in general - here we consider a special situation of a
collection of mono-energetic particles in equilibrium which is the idealization
of a contrived experimental set up.
By the usual formulation we have,
N =
V
h¯3
∫
d~pn′p =
V
h¯3
∫
δ(p− p0)4πp
2n¯pdp =
4πV
h¯3
p2
0
1
z−1eθ + 1
(18)
where θ ≡ bEp0 .
It must be noted that in (18) there is a loss of dimension in momentum space,
due to the δ function in (17).
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Similarly, recently the author had pointed out that the neutrinos behaved as
if they were a two dimensional collection. Indeed [11] one could expect this
from the holographic principle. Equally the author (and A.D. Popova) had
argued that the universe itself is asymptotically two dimensional [15].
Furthermore it has also been argued that not only does the universe mimic a
Black Hole, but also that the Black Hole is a two dimensional object [16, 17].
Indeed the interior of a Black Hole is in any case inaccessible and the two
dimensionality follows from the area of the Black Hole which plays a central
role in Black Hole Thermodynamics. The author had shown, in his analysis
that the area of the Black Hole is given by
A = Nl2p (19)
For these Quantum Gravity considerations we have to deal with the Quantum
of area [18, 17]. In other words we have to consider the Black Hole to be
made up of N Quanta of area. Thus we can get an opportunity to test these
Quantum Gravity features in two dimensional surfaces such as graphene.
In the earlier communication [19] it was shown that in the one dimensional
case, corresponding to nanotubes we would have
kT =
3
5
kTF (20)
where TF is the Fermi temperature. It can be seen that for the two di-
mensional case too kT is very small. This is because using the well known
formulae for two dimensions we have
kT =
eh¯π
mνF
(21)
(kT )3 =
6eh¯νF
π
(22)
Whence we have
(kT )2 = 6 · ν2Fπ
2m (23)
Remembering that νF ∼ 10
8, we have even for a particle whose mass is that
of an electron, from (23) kT is very small. For a comparison we have for the
Fermi temperature,
kTF =
h¯
2
(z6π)1/3 · νF
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Another conclusion which could have been anticipated is the following. We
have from the above
ν2F =
(
h¯π
m
)2
·
1
A
(24)
where A ∼ l2 is the quantum of area. So we get
m2ν2F
h¯2
· l2 ∼ 0(1) (25)
This is perfectly consistent with νF tending to the velocity of light c and
h/mνF tending to the Compton wavelength. In other words an infinite
graphene sheet would give us back the usual spacetime of Relativity and
Quantum Mechanics. In practise we could expect this for a very large sheet
of graphene. In either case it turns out that whatever be the temperature, it
is as if the ensemble behaves like a very low temperature gas. This leads to
many possibilities, particularly about magnetism.
As pointed out above we can investigate magnetism and electromagnetism
in this new non-commutative paradigm which throws up novel features in-
cluding the Haas Van Alphen type effect [6]. In this case, the magnetization
per unit volume, as is known, shows an oscillatory type behaviour.
3 Discussion
Fluctuations of the Zero Point Field have been widely studied. Based on
this the author in 1997 predicted a contra model of the universe [20, 17] in
which there would be a small cosmological constant, that is an accelerating
universe. In 1998 observations of Perlmutter, Reiss and Schmidt confirmed
this scenario. Today we call this dark energy. A manifestation of this is a
noncommutative spacetime given in (3). This lead to the so called Snyder-
Sidharth dispersion relation given in (14). We would like to point out that
the extra magnetic effect in equations like (6) (and the following) can be
attributed to this Zero Point effect of noncommutativity as given in (10).
Closely related is the Casimir effect which has been observed even in graphene
[21, 22]. This is a Zero Point Field fluctuation effect. The Casimir energy in
graphene is given by
Energy
area
=
π2
240
·
h¯c
a3
(26)
6
The energy itself is given by
Energy =
(
π2
240
)
·
h¯c
a
(27)
where we consider the area to be ∼ a2.
If following Wheeler [23] we consider directly ground state oscillators of the
Zero Point Field, we can deduce that
Energy ∼ h¯c/a
resembling (27). Similarly if we take the extra term in the dispersion relation
(14), it is easy to show that this also has the same form. All this is hardly
surprising because they are all manifestations of fluctuations in the Quantum
Vacuum.
It must be mentioned that the Casimir effect in graphene has been observed.
What is interesting is that a group of scientists fromMIT, Harvard University,
Oak Ridge National Laboratory and other Universities have used this Zero
Point energy for a compact integrated silicon chip. Clearly the same would be
possible for graphene too particularly in the context of Quantum Computers:
The ”Spin” up and down being the qubits [24].
To proceed further we invoke (10) and the well known result for a coil
ı =
NBA
R∆t
(28)
where N is the number of turns, A is the area and R the resistance. Use of
(10) in (28) now gives
ı ≈
NA
R
·
e
l2τ
(29)
Whatever be N , if we think of a coil made up of nanotubes or graphene, re-
membering that l is small and so is the resistance (29) would be observable,
like indeed (10).
Further observing that nanotubes and graphene can harbour fast moving
Fermions (including neutrons) and of course carbon, we have all the in-
gredients for manipulating a version of table top fusion possibly using the
bosonization of fermions property. In this case we use an equation like (18)
and preceding consideration [17, 19].
To proceed, in this case, kT =< Ep >≈ Ep so that, θ ≈ 1. But we can
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continue without giving θ any specific value.
Using the expressions for v and z given in (16) in (17), we get
(z−1eθ + 1) = (4π)5/2
z
′
−1
p0
; whence
z
′
−1A ≡ z
′
−1
(
(4π)5/2
p0
− eθ
)
= 1, (30)
where we use the fact that in (16), µ ≈ 1 as can be easily deduced.
A number of conclusions can be drawn from (30). For example, if,
A ≈ 1, i.e.,
p0 ≈
(4π)5/2
1 + e
(31)
where A is given in (30), then z′ ≈ 1. Remembering that in (16), λ is of the
order of the de Broglie wave length and v is the average volume occupied
per particle, this means that the gas gets very densely packed for momenta
given by (31). Infact for a Bose gas, as is well known, this is the condition
for Bose-Einstein condensation at the level p = 0 (cf.ref.[14]).
In any case there is an anomalous behaviour of the Fermions.
References
[1] Sidharth, B.G. (1995). A Note on Two Dimensional Fermions in BSC-
CAMCS-TR-95-04-01.
[2] Sidharth, B.G. (1999). Low Dimensional Electrons in Proceedings of
Solid State Physics, Eds., R. Mukhopadhyay et al., 41, (Universities
Press, Hyderabad, 1999), p.331.
[3] Sidharth, B.G. arXiv. quant-ph. 9506002.
[4] Sidharth, B.G. (2001). The Chaotic Universe: From the Planck to the
Hubble Scale (Nova Science, New York, 2001).
[5] Mecklenburg, M., and Regan, R.C. (2011), Phy.Rev.Lett. 106,116803.
[6] Sidharth, B.G. Hadronic Journal December 2013.
8
[7] Sidharth, B.G. PSTJ 3 (11), 2012.
[8] Sidharth, B.G. (2003). Nuovo Cimento B 118B, (1), pp.35-40.
[9] Saito, T. (2000). Gravitation and Cosmology 6, No.22, pp.130-136.
[10] Sidharth, B.G. High Energy Dirac Solutions in Int.J.Th.Phys. (In
Press).
[11] Sidharth, B.G. (2013) Int.J.Th.Phys 52 (12) 2013, pp.4412-4415.
[12] Sidharth, B.G. (2001). Chaos, Solitons and Fractals 12, 2001, pp.2475-
2480.
[13] Sidharth, B.G. (2002). Chaos, Solitons and Fractals 13, 2002, pp.617-
620.
[14] Huang, K. (1975). Statistical Mechanics (Wiley Eastern, New Delhi),
pp.75ff.
[15] Sidharth, B.G. and Popova, A.D. (1996). Differential Equations and
Dynamical Systems (DEDS), 4, (3/4), pp431–440.
[16] Sidharth, B.G. (2006). Found.Phys.Lett. 19(1), 2006, pp.87ff.
[17] Sidharth, B.G. (2008). The Thermodynamic Universe (World Scientific,
Singapore, 2008) pg.264-265.
[18] Baez, J. (2003). Nature Vol.421, February 2003, pp.702–703.
[19] Sidharth, B.G. (1999). J.Stat.Phys. 95, (3/4), pp.775–784.
[20] Sidharth, B.G. (1998). Int.J. of Mod.Phys.A 13, (15), pp.2599ff.
[21] Fialkovsky I. V., Marachevskiy V.N., Vassilevich D. V.; Marachevsky;
Vassilevich (2011). Finite temperature Casimir effect for graphenein
Physical Review B 84 (35446): 35446. arXiv:1102.1757. Bibcode:2011
PhRvB..84c5446F. doi:10.1103/PhysRevB.84.035446.
[22] Fialkovsky I. V., Gitman D. M., Vassilevich D. V. (2009). Casimir in-
teraction. doi:10.1103/PhysRevB.80.245406 between a perfect conductor
and graphene described by the Dirac model in Physical Review B 80 (24):
245406. arXiv:0907.3242. Bibcode:2009PhRvB..80x5406B Bordag.
9
[23] Misner, C.W., Thorne, K.S. and Wheeler, J.A. (1973). Gravitation
(W.H. Freeman, San Francisco), pp.819ff.
[24] Zao, J. et al.; Nature Communications 4:1845, 2013. arXiv: 1207.6163.
10
